To evaluate the potential impact of alterations in 'patient' position on laser-induced ureteric stone retropulsion in an in vitro model.
Introduction
Ureteroscopy is considered a primary treatment option for ureteric calculi [1] . Stone retropulsion, the proximal migration of a stone or its fragments toward or into the kidney during laser lithotripsy, presents an ongoing challenge. Stone retropulsion occurs as a result of a combination of momentum from laser firing, stone manipulation by the laser fibre, pressure from irrigation fluid, and degree of ureteric dilation. The degree of retropulsion varies depending on the severity of stone impaction and the location of the stone in the ureter [2] . Retrograde migration results in increased operating time [3, 4] . Previous AUA guidelines reported an average of 1.33 procedures per patient for ureteroscopy of ureteric stones [5] .
The burden of stone retropulsion has led to the development of various anti-retropulsion devices. Although effective, these devices add, on average, an additional $278 to procedural expense exclusive of the operating room time needed in order to pass and position them [6] . Additionally, placing an antiretropulsion device within the confines of the ureter may complicate laser fibre manipulation.
Patient positioning may provide a simple, cost-effective alternative to anti-retropulsion devices. By placing the patient in a 'head-up' position and increasing the height of the proximal ureter in relation to the distal ureter, gravity may serve as an opposing force to retrograde stone migration. To our knowledge, the effect of reverse Trendelenburg position on stone retropulsion has not been evaluated. In the present study, we used an in vitro model to measure the effect of changes in ureteric incline on stone retropulsion during laser lithotripsy of ureteric calculi.
Methods
An in vitro ureteric stone model was created by securing a clear polymer tube (30 cm in length, 12 mm in diameter) to the bottom of a 30-L container filled with deionized water (Fig. 1 ) based on a previously described model [7] . The tube was partially constricted to 8 mm at the starting point of lithotripsy using twine, to mimic the natural sites of ureteric constriction (PUJ, iliac vessel crossing, vesico-ureteric junction) [8] . One-centimetre markings were made along the tube to measure retropulsion distance. Ceramic spherical (phantom) stones were used as a control and compared with clinically obtained calcium phosphate stones of varying shapes in this experimental model. Ceramic stones were 9 mm in largest average diameter (8.5-9.3 mm) and 0.522 mg in average mass (0.493-0.541 mg). Calcium phosphate stones were 9.5 mm in largest average diameter (8.5-12.0 mm) and 0.585 mg in average mass (0.366-0.842 mg).
For each trial, time (s) and energy (J) were recorded. For each experiment, 10 trials were conducted at 0°, 10°, 20°and 40°. The experiments were performed with ceramic, 'phantom' stones, and repeated with calcium phosphate stones. Stones were replaced after each set of 10 trials. The VersaPulse PowerSuite 100W laser (Lumenis Ltd, Yokneam, Israel) with a pulse width of 600 ms was used for stone fragmentation, along with a 365-lm laser fibre (Cook Medical, Bloomington, IN, USA). The laser fibre was passed through a 67-cm, 7.5-F flexible ureteroscope (Flex-X 2 ; Karl Storz, Culver City, CA, USA), which was extended 5 mm from the tip of the ureteroscope. Settings were standardized at an energy of 1 J and frequency of 10 Hz as fragmentation settings, which have previously been shown to cause retropulsion [9] . A manual hand pump irrigation device maintained at 150 mmHg was used throughout the study. Laser energy was then applied continuously to the centre of the stone at a normal incident angle. Both time and total energy were recorded over a stone migration distance of 10 cm.
Time
Laser firing was continuously applied until the stone migrated 10 cm. If after 60 s of laser firing, the stone failed to migrate 10 cm, the trial was considered complete.
Statistical Analysis
Student's t-test was performed using Microsoft Excel 2013 to compare average total time and average total energy among the various incline angles. Statistical significance was set at P < 0.05.
Results
The effect of model positioning on time (s) and total energy (J) required to move the phantom stones or calcium phosphate stones 10 cm is summarized in Table 1 . The average time to move a phantom stone 10 cm was 7.4 s at 0°o f incline. After increasing the ureteric angle to 10°, 20°and 40°, the phantom stones moved a mean maximum distance of 3.1, 1.2 and 0.7 cm, respectively, over a period of at least 60 s of continuous laser application. The average time to move a calcium phosphate stone 10 cm at 0°and 10°of incline was 6.9 and 42.8 s, respectively (P < 0.05). At 20°and 40°, calcium phosphate stones moved a mean maximum distance of 2.4 and 1 cm, respectively, over at least 60 s of continuous laser application. The total energy required for retrograde stone migration for both stone types is graphically depicted in Figs 2 and 3.
Theory
The principal goal of using a reverse Trendelenburg position is to have gravity exert a downward force on a stone to mitigate retrograde stone migration. For the gravitational force to be effective, the change in gravitational potential energy must be the same or larger than the kinetic energy the laser imparts to the stone. In Appendix S1, we provide a simplified mathematical model of a laser pushing a stone and ablating material off the stone. We derived differential equations in the case that the stone was moving horizontally and there was no change in the gravitational potential energy. We based the model on the principle of conservation of energy, i.e. the laser provides energy, which goes into moving and breaking up the stone. Although we made many simplifying assumptions in our model, the model was still too complex to solve using analytical methods and would require numerical integration to arrive at a solution; therefore, we made empirical estimates of how far the stone would move in a given amount of time at various inclined angles based on 
Discussion
Retrograde stone migration continues to be an obstacle to successful ureteroscopic lithotripsy. Concern about future stone passage, infection, and recurrent stone formation from residual fragments leads to increased operating time and increased cost. The addition of anti-retropulsion devices to the market has served to largely circumvent this problem, albeit at a cost.
Firstly, the presence of an anti-retropulsion device within the ureteric lumen may reduce ureteroscope manoeuvrability. Indeed, the mere presence of a safety guidewire increases the force needed to manipulate a rigid ureteroscope within the ureter by 52-113% [10] . Secondly, anti-retropulsion devices At angles of 10°, 20°and 40°, the stone migrated <10 cm; laser firing was stopped after 600 J of total energy was applied. are costly and require longer operating time to deploy. Ursiny and Eisner [6] performed a cost-effectiveness analysis and concluded that anti-retropulsion devices were cost-effective at a retropulsion rate ≥6.3%.
There are multiple variables that affect the degree of retropulsion. Lee et al. [9] found that increased fibre diameter and increased pulse energy (i.e. Joules) resulted in increased stone retropulsion. More recently, Bell et al. [11] , using an in vitro model, concluded that stone retropulsion strongly and inversely correlated with pulse width. Longer pulse width settings resulted in less than half the retropulsion distance compared to short pulse width; however, only recently have laser systems (e.g. the Cook Rhapsody H-30 â and Lumenis â Pulse 120H) become available that allow pulse width adjustment.
Using gravity to one's advantage is a basic principle of endourological procedures. Herrell and Buchanan [12] previously described the benefits of using a flank position during ureteroscopy for complex caliceal stones. They found that flank position ureteroscopy allowed stone fragments to fall into the dependent renal pelvis or proximal ureter. This reduced the difficulty of ureteroscopic lithotripsy and facilitated fragment removal, ultimately reducing operating time. In a more recent investigation, Pan et al. [13] compared clinical outcomes of ureteroscopic lithotripsy between patients treated in the Trendelenburg position and conventional lithotomy. The initial hypothesis was that, in Trendelenburg, the upper calyx would be in the dependent position and stones that undergo retropulsion would preferentially move to the upper pole calyces, thereby allowing the continued use of a semi-rigid, rather than flexible, ureteroscope. The authors determined that intraoperative time and need to employ a flexible ureteroscope were both significantly decreased when using the Trendelenburg position; furthermore, the 4-week postoperative stone-free rate was significantly higher.
In the present study, increasing the incline of a ureteric stone model to 20°precluded stone retropulsion. For calcium phosphate stones, at 20°and 40°reverse Trendelenburg positions, stones moved <2 cm from the starting position despite 60 s of uninterrupted laser firing at 1 J and 10 Hz using a laser pulse width of 600 ms. For the ceramic phantom stones, the results at 20°and 40°reverse Trendelenburg positions were similar. There was a slight variation between the two groups at 10°which was probably secondary to their difference in composition being highlighted at a lower gravitational potential energy. Provided the patient is properly secured to the operating room table, inclines up to 30°are achievable on most operating room tables.
Limitations of the study were the inevitable mass reduction during laser lithotripsy and the phenomenon of water reentry, which results in motion of the stone between pulses of laser energy [14, 15] . We addressed these potentially confounding factors by subjecting our experimental model to theoretical calculations. In order to more clearly evaluate the potential benefits of a 20°-30°reverse Trendelenburg position, a prospective trial is needed whereby patients undergoing ureteroscopic lithotripsy for ureteric stones above the iliac vessels are randomized into either a 20°reverse Trendelenburg or conventional dorsal lithotomy position. In the former case, any degree of retropulsion would be countered by further increasing the incline up to a maximum of 30°.
Conclusion
In conclusion, alterations to the angle of inclination reduced stone retropulsion during ureteroscopic lithotripsy in an in vitro model to ≤1 cm. Increasing the incline angle (i.e. reverse Trendelenburg position) of a patient may effectively preclude retropulsion when performing laser lithotripsy of ureteric stones, and prospective clinical trials in an in vivo environment are warranted. In this model, v f = 14 cm/s and Δt f =7.4 s. The first column gives the incline angle of the mock ureter measured in degrees. The second column gives the laser time in seconds. The third column gives the prediction for the displacement x s modelled by Eq. (11) (Appendix S2) in cm. The fourth column gives the measured displacement with error from the second column of Table 1 in cm. 
